The effects of imipramine on 8-hydroxy-2-(di-n-propylamino) tetralin (8-OH-DPAT), the 5-hydroxytryptamine (5-HT) 1A -receptor full agonist, -induced hypothermia was examined in rats. Single administration of imipramine (30 mg / kg, i.p.) attenuated 8-OH-DPATinduced hypothermia. This effect of imipramine was blocked by the 5-HT 2A -receptor antagonist ketanserin. 8-OH-DPAT-induced hypothermia was not altered 24 h after repeated administration of imipramine (1 -10 mg / kg per day) for 14 days. However, 8-OH-DPAT-induced hypothermia was significantly enhanced in repeated imipramine (10 mg / kg per day)-treated rats that received 8-OH-DPAT plus imipramine 24 h after the final imipramine administration for 14 days. The 5-HT 2A -receptor agonist 1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane ((±)-DOI) attenuated the 8-OH-DPAT-induced hypothermia in drug naive rats. The inhibitory effect of (±)-DOI (0.3 mg / kg, s.c.) on 8-OH-DPAT-induced hypothermia was attenuated by repeated administration of imipramine (10 mg / kg per day) for 14 days. These findings suggest that enhancement of the 5-HT 1A receptors by repeated administration of imipramine may be due to reduction of the inhibitory effects from the 5-HT 2A receptors to the 5-HT 1A receptors.
Introduction
Imipramine is an antidepressant drug that preferentially inhibits 5-hydroxytryptamine (5-HT) uptake. It was previously suggested that the antidepressive effects of imipramine are mediated by some of 5-HT-receptor subtypes. However, the detailed mechanism of imipramine action still remains unknown. The recent discovery of multiple biochemical and functional subtypes of 5-HT receptors has given new impetuous to studies investigating the function of 5-HT in affective disorders (1, 2) . The 5-HT receptor subtypes, particularly 5-HT 1A receptors and 5-HT 2A receptors, have been postulated to play an important role in the pathogenesis of depression (3 -7) . Pericic and Manev (8) reported that the 5-HT syndrome including tremor, hindlimb abduction, fore-paw padding, and raised or rigid Staub tail elicited by pargyline with 5-hydroxy-L-tryptophan in rats was potentiated by a single administration of imipramine (15 -30 mg/ kg, i.p.). The enhancing effect of imipramine (30 mg / kg, i.p.) on the 5-HT syndrome was inhibited by the 5-HT 1A -receptor antagonist, (-)-propranolol (9) . These findings suggest that single administration of imipramine was associated with the activation of 5-HT 1A receptors. On the other hand, Maj et al. (10) suggested that 8-hydroxy-2-(di-n-propylamino) tetralin (8-OH-DPAT)-induced flat body posture was slightly inhibited by a single administration of imipramine (10 mg / kg, p.o.). Repeated administration of imipramine (10 mg / kg, p.o.), twice daily for 14 days, did not affect the 8-OH-DPAT-induced flat body posture in rats. Wozniak et al. (11) suggested that 8-OH-DPATinduced hypothermia did not change by repeated administration of imipramine (5 mg / kg, i.p.). Although these findings suggest that the effect of imipramine is medi-ated by 5-HT 1A receptors, there are some discrepancies in the literature regarding the effects of 5-HT 1A receptors.
It is well documented that imipramine affects the 5-HT 2A receptors in neurochemical and behavioral studies. It was reported that the density of 5-HT 2A receptors decreases by the repeated administration of imipramine (12) . Furthermore, several studies have suggested that there are functional interactions between 5-HT 1A receptors and 5-HT 2A receptors (review: 13). Such interactions may play an important role in the mechanism of action of antidepressant drugs (3, 12, 14, 15) . As previous studies have been used for normal or single administration of imipramine, the model of down-regulation of 5-HT 2A receptor for repeated administration of imipramine is interesting from the viewpoint of the mechanism of interaction between 5-HT 1A receptors and 5-HT 2A receptors.
In addition to hypothermia, it was reported that 8-OH-DPAT induced up to seven behaviors (lateral headweaving, forepaw treading, flat body posture, hindlimb abduction, tremor, Straub tail, rollover). It is suggested that the 8-OH-DPAT-induced hypothermia response is one of the most marked responses in 8-OH-DPATinduced behavioral changes. Therefore, it is the most reliable parameter for the evaluation of drug action. We investigated the effect of single and repeated administration of imipramine on 8-OH-DPAT-induced hypothermia in rats to study its mode of action through 5-HT 1A receptors. Furthermore, the purpose here was to explore the precise mechanism regarding the effect of imipramine in the behavioral interaction of 5-HT 1A receptors and 5-HT 2A receptors.
Materials and Methods

Animals
Male Wistar strain rats (Charles River, Yokohama), weighing 180 -300 g, were used. They were housed in groups of 2 -4 animals under controlled conditions of light (from 7:00 a.m. to 7:00 p.m.), temperature (23 ± 1°C), and relative humidity (approximately 60%). The animals were allowed free access to standard laboratory food and tap water.
Drugs
Imipramine hydrochloride was obtained from Wako Pure Chemical (Tokyo). 8-OH-DPAT hydrobromide, (±)-DOI (1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane), and ketanserin tartrate were obtained from Research Biochemicals Inc. (South Natick, MA, USA). All drugs were dissolved in saline on the day of testing and injected in a volume of 2 ml / kg body weight.
Experimental procedures
The 8-OH-DPAT-induced hypothermia was observed in the same animal. Two animals were put into clear plastic cages (22´38´18 cm) at an ambient temperature of 23 ± 1°C. Their body temperature was measured with a thermistor probe (connected to an electronic thermometer) inserted 2 cm into the rectum. Temperature was measured immediately before drug administration. The animals were then treated with 8-OH-DPAT and returned to their cages. Body temperature was measured again 30 min following 8-OH-DPAT administration. The hypothermic response to 8-OH-DPAT was calculated from the decrease in body temperature. 
Statistics
Values are expressed as group means and S.E.M. of the means. Data were analyzed by one-way analysis of variance (ANOVA), and the group means were compared by Dunnett's test for multiple comparisons. .01] in naive rats (Fig. 3) . On the other hand, the inhibitory effect of (±)-DOI on 8-OH-DPAT-induced hypothermia was significantly attenuated at 24 h after repeated administration of imipramine (10 mg / kg, i.p.) for 14 days [P = 0.005] (Fig. 4) .
Experiment 5. The effect of (±)-DOI on body temperature in rats
The (±)-DOI significantly increased body temperature in rats [F(3,20) = 8.57, P<0.01] ( Table 2 ). Table 3 ).
Discussion
We investigated the effect of imipramine on the 5-HT 1A -receptor agonist 8-OH-DPAT-induced hypothermia in rats. It was previously suggested that imipramine modifies the function of central 5-HT 1A receptors. Pericic and Manev (8) reported that imipramine administered in a single dose of 10 -30 mg / kg (i.p.) stimulates 5-HTP (5 mg / kg, i.p.)-and pargyline (50 mg / kg, i.p.)-induced 5-HT mediated behavior including tremor, hindlimb abduction, forepaw padding, and Straub tail in rats. However, Maj et al. (10) suggested that a single administration of imipramine (10 mg / kg, p.o.) significantly inhibits the 8-OH-DPAT (5 mg / kg, i.p.)-induced flat body posture in rats, and repeated administration of imipramine (10 mg / kg, p.o.) for 14 days did not change this. Wieland et al. (15) suggested that administration of imipramine (10 mg / kg, s.c., twice daily) for 1 day did not alter the 8-OH-DPAT (4 mg/kg, i.p.)-induced 5-HT syndrome including Straub tail, forepaw treading, head weaving, hindlimb abduction, and low, out-stretched body posture in rats. However, repeated administration of imipramine for 14 days blocked elicitation of the 5-HT syndrome when tested 1 h (drug present) after the final drug administration, but not when tested 24 h (drug absent) after the cessation of imipramine administration. Wozniak et al. (11) suggested that the hypothermic effect of 8-OH-DPAT (0.25 mg / kg, s.c.) in rats was not changed by repeated administration of imipramine (5 mg / kg, i.p.) for 3 -22 days. There remains a discrepancy in the literature regarding the effects of imipramine on the 8-OH-DPAT induced behavioral changes. It is difficult to explain the effect of imipramine in the present study. Differences in the number of administration, the route of administrations, the dose of the 8-OH-DPAT or imipramine, or differences in the experimental devices used could be reflected in the results.
Binding studies suggested that repeated administration of various antidepressants facilitate 5-HT neurotransmission. Binding data showed that repeated administration of imipramine and various antidepressants either increased or does not change the density of 5-HT 1A receptors in the hippocampus (10, 16 -18) . Concerning the inhibitory effect of the single administration of imipramine in this study, it was suggested that imipramine directly affects the 5-HT 1A receptors. However, it does not have affinity for 5-HT 1A receptors (K i = 21,000 nM) (19) . Furthermore, the 8-OH-DPAT-induced hypothermia was enhanced by challenge co-administration of imipramine with 8-OH-DPAT at the 15th day after the repeated administration of imipramine for 14 days. It can be assumed that this may be caused by the activation of 5-HT 1A receptor function for 5-HT uptake inhibition of imipramine. However, following a 24 h withdrawal after 14 days administration to imipramine exposure, no significant alteration in the 8-OH-DPAT-induced hypothermia was observed. It appears reasonable to assume that the 5-HT 1A receptors were not changed by repeated administration of imipramine. These results suggest that the 8-OH-DPAT-induced hypothermia is not controlled by the 5-HT 1A receptor function alone.
Numerous investigations have demonstrated that there exists a possible interaction between 5-HT 1A receptors and 5-HT 2A receptors (review: 13). Berendsen and Broekkamp (20) reported that the 8-OH-DPAT-induced hypothermia could be attenuated by the 5-HT 2A -receptor agonist (±)-DOI (0.1 -0.22 mg / kg, s.c.) in mice. It appears reasonable to suggest that the activation of 5-HT 2A -receptor function exerts an inhibitory effect on the 5-HT 1A -receptor function via 5-HT 2A -receptor function. In the present study, (±)-DOI (0.1 -0.3 mg / kg, s.c.) clearly blocked the 8-OH-DPAT-induced hypothermia in drug naive rats. Namely, one explanation for the inhibitory effect of 8-OH-DPAT by the (±)-DOI is that there may exist on inhibitory effect from 5-HT 2A receptors to 5-HT 1A receptors. However, with regard to the change in the body temperature, (±)-DOI elicited hyperthermia. Therefore, we can not exclude the possibility that the hypothermia of 8-OH-DPAT may block the hyperthermia of (±)-DOI without interaction of 5-HT 2A receptors and 5-HT 1A receptors. However, (±)-DOI did not affect hyperthermia at doses of 0.1 mg / kg, s.c. in drug naive rats. Accordingly, it is unlikely that (±)-DOI (0.1 mg / kg) exerted its effect on body temperature without affecting hyperthermia. However, at doses of 0.3 mg / kg, the possibility exists that the 8-OH-DPATinduced hypothermia may block the (±)-DOI inducedhyperthermia. On the other hand, with respect to the inhibitory effect of the single administration of imipramine in this study, we assumed that the 5-HT 1A -re-ceptor-mediated behavioral changes may be attenuated by enhancement of the 5-HT 2A receptors. We confirmed here that the inhibitory effect of single administration of imipramine on the 8-OH-DPAT-induced hypothermia was blocked by the 5-HT 2A -receptor antagonist ketanserin in this study. Thus, it is suggested that the inhibitory effect of imipramine on the 5-HT 1A receptors may be due to activation of the 5-HT 2A receptors.
Repeated administration of imipramine reduces the density of 5-HT 2A receptors in rats (12) . We have confirmed that repeated administration of imipramine (10 mg / kg/ day) for 14 days significantly attenuates the hyperthermia by (±)-DOI. The inhibitory effect of (±)-DOI on the 8-OH-DPAT-induced hypothermia in drug native rats was significantly blocked by repeated administration of imipramine for 14 days. That is to say, it is reasonable to assume that the enhancing effect of 5-HT 1A -receptor function may be due to attenuation of the inhibitory effects of 5-HT 1A receptors via 5-HT 2A receptors for down-regulation of 5-HT 2A receptors by repeated administration of imipramine. Furthermore, we clarified that a low dose (0.1 mg / kg, s.c.) of 8-OH-DPAT-induced hypothermia was enhanced by challenge co-administration of imipramine and 8-OH-DPAT on the 15th day after repeated administration of imipramine for 14 days. Namely, although the availability of synaptic 5-HT concentrations was increased by the mechanisms of 5-HT uptake inhibition of imipramine, the enhancing effect of 5-HT 1A -receptor-mediated behavioral changes may be due to the attenuated inhibitory effect of 5-HT 2A receptors on 5-HT 1A receptors because of the downregulated 5-HT 2A receptors.
In summary, repeated administration of imipramine enhanced the 5-HT 1A -receptor function. It is thought that the reason for this enhancing effect of imipramine is the attenuation of the inhibitory effect of 5-HT 1A receptors due to 5-HT 2A receptors down-regulation.
